This paper represents the results of an experimental study aimed at reducing the airfoil self-noise by the trailing edge serration of four different sawtooth geometries (defined in the serration angle and length). These serrations have a common feature: all of the sawtooth patterns are cut directly into the trailing edge of a realistic airfoil. This configuration offers better structural strength and integrity. For the sawtooth trailing edges investigated here, the radiation of the extraneous vortex shedding noise in a narrowband frequency due to the partial bluntness at the serration roots is unavoidable. However, this narrowband component tends to be less significant provided that the serration angle is large and the serration length is moderate. Sound power was measured, and some of the sawtooth geometries have been shown to afford significant boundarylayer instability tonal noise and moderate turbulent broadband noise reductions across a fairly large velocity range. This paper demonstrates that a nonflat plate serrated trailing edge can also be effective in the selfnoise reduction. Some experimental results are also presented in order to explain the self-noise mechanisms. Chong et al.
I. Introduction
Recently, there has been much interest in developing control methods aimed at reducing trailing-edge self-noise.
Approaches taken include serrated edges [1] [2] [3] , a porous surface [4] , and brushes [5, 6] . These passive methods have been demonstrated experimentally in low-speed rig tests to afford reductions in noise radiation between 3 and 7 dB.
One of the most promising treatments has been the use of serrated trailing edges. In nearly all cases, however, the serrations have been cut into flat plates and then inserted into the trailing edge of the main airfoil body. This has been primarily to avoid the vortex shedding noise that arises due to the introduction of bluntness caused by cutting serrations into the airfoil body. The obvious disadvantage of using flat plate inserts is that it clearly does not have the strength and integrity required for their intended applications of wind turbines, propellers, and rotor blades. The addition of flat plate inserts in airfoils could also potentially result in deteriorations in their aerodynamic performance. For a highly cambered airfoil, the level of the adverse pressure gradient present at the flat plate insert at the suction surface could be high enough to trigger turbulent separation and produce additional noise sources.
Therefore, at a particular combination of airfoil geometry, Reynolds number and angle of attack, it is possible that the amount of noise reduction by the flat plate serrations is partially masked by additional noise sources. This may be one of the reasons why there is such a large discrepancy between the measured and predicted noise reductions [1, 7] . Figure 1 defines the serration period λ, the serration angle φ, and the serration length (root-to-tip distance) 2h associated with a sawtooth serration. For the case of nonflat plate serrated trailing edge, an extra parameter of the root bluntness ε is also introduced.
At a low Reynolds number and with low-freestream turbulence intensity, the lack of bypass transition mechanisms on the airfoil surfaces can promote the appearance of Tollmien-Schlichting (T-S) instability waves. On a conventional sharp-edged airfoil, the presence of a locally adverse pressure gradient near the trailing edge can amplify these instability waves, leading to the radiation of self excited high-amplitude tones [8] [9] [10] [11] [12] [13] . Lowson et al. [8] observed that T-S waves by themselves may not be the only mechanism that generates noise. They stated that the generation of laminar instability noise must be accompanied by the presence of a separation bubble, which acts as an amplifier for the most unstable T-S modes near the trailing edge. Support for this observation is provided in more recent works [9] [10] [11] [12] , although definitive proof that a separation bubble is needed for the appearance of T-S tones is not yet available.
Assuming the correctness of this hypothesis, an effective strategy for reducing airfoil tonal noise due to T-S waves is to inhibit the separation region near the trailing edge, which can be achieved by either active or passive flow control approaches. As will be shown later in the paper, when a trailing-edge serration is introduced, an otherwise laminar or separated boundary layer near a nominally sharp trailing edge can force the bypass transition to turbulence. This has the effect of suppressing boundary-layer instability tonal noise. The effect of serration parameters, such as λ, φ, and 2h, on the level of airfoil boundary-layer instability tonal noise reduction for laminar boundary layers will be investigated in this paper.
In the case of a fully turbulent boundary layer, for example at a high Reynolds number, or when tripping is applied, some of the turbulent energy in the boundary layer will be scattered into broadband noise at the trailing edge. Typical broadband noise amplitudes are considerably lower than the boundary-layer instability tonal noise discussed previously. The relationship between the far-field acoustical pressure and the near-field surface pressure near the trailing edge is made explicit in [14] , which derived a direct relationship between the power spectral density (PSD) of the far-field noise S pp in terms of the spanwise correlation length I y and the surface pressure spectrum Snear the trailing edge, and a radiation term L(ω), of the form
This result predicts a reduction in the radiated broadband noise if the level of either I y , S, and/or L(ω) is reduced.
Because a sawtooth trailing edge will be shown later to trigger an otherwise laminar boundary layer into a turbulent one (see in Sec. III.A), it is not expected to change the level of Ssignificantly compared to the sharp-edge baseline case. This conjecture is consistent with the findings in [15] from a Direct Numerical Simulation study of serrated trailing-edge noise.
The relationship between the serration parameters, such as λ, φ, and 2h, and the radiated broadband noise has been studied theoretically by Howe [7] , whereby the greatest noise reductions are predicted in the high-frequency range ωh ∕ U ≫ 1 and for φ < 45 deg, for which noise reductions of about 10 log 10 [1 + (4h ∕ λ) 2 ] dB are predicted.
This implies that an 18 dB broadband noise reduction can theoretically be achieved by one of the serration configurations investigated in the current study for which h ∕ λ ≈ 2 (S1, see Table 1 ). However, subsequent experimental work by Gruber et al. [1] has shown that although the best reductions are obtained for the smallest φ value, these noise reductions are limited to the low frequency range of ωδ ∕ U < 1, which is in direct contradiction with Howe's predictions, where δ is the boundary-layer thickness. Moreover, Gruber et al. [1] has also found that the serration length (2h) must be greater than the trailing-edge boundary-layer thickness (i.e., h ∕ δ > 0.5) for significant noise reductions to occur. For all the 36 different sawtooth flat plate inserts that were tested by Gruber et al. [1] , maximum noise reductions were limited to 7 dB. Gruber et al. [1] also observed noise increases of up to 3 dB at high frequencies, which they attributed to the presence of small jets through the troughs of the serration.
In this paper, we investigate the noise performance of serrations cut directly into the main body of a realistic airfoil, thus preserving its original overall shape. We will present experimental results to show that the boundarylayer instability tonal noise radiation can be inhibited significantly by this type of serration. We further show that when the boundary layer becomes turbulent, moderate broadband noise reductions can be obtained, which are similar to that of flat plate inserts but at the expense of generating narrowband noise due to the vortex shedding that is caused by the partial bluntness introduced at the root of the serration. One of the main objectives of this paper is to present a strategy of reducing the impact of this extraneous noise by careful choice of the serration geometry.
Section II describes details of the test model, experimental setup, instrumentation, and experimental technique.
Section III presents boundary-layer measurements made on the surface of the sawtooth. This section also contains the results of the boundary layer with and without artificial tripping on the airfoil surfaces and the determination of boundary-layer separation on the pressure surface of an airfoil. Noise measurements are mainly presented in Sec. IV, which is broken down into two subsections. Section IV.A presents the reductions in tonal noise that occurs at a low Reynolds number due to hydrodynamic instabilities in the laminar boundary layer, which from hereon will be referred to as "instability tonal noise." Section IV.B concerns the reductions in broadband noise for the case of a full turbulent boundary layer. Section V contains a general discussion on the noise results. Conclusions and a suggested future work are included in Sec. VI.
II. Experimental Setup

A. Test Model and the Trailing-Edge Serrations
The airfoil under investigation in this paper is aNACA0012 airfoil with a 0.15 m chord (C) and 0.45 m span.
From x ∕ C = 0 (leading edge) to x ∕ C = 0.79 is the originalNACA0012 airfoil body, where x is the streamwise direction. Further downstream, 0.79 < x ∕ C < 1.0, is a section that can be removed and various serration geometries can be attached. Once attached, the serrations form a continuous profile, giving the appearance that the serrations are cut into the main body of theNACA0012 airfoil as shown in Fig. 1 . A total of five trailing-edge sections, including one with a sharp trailing edge to serve as the baseline case, were used.
Miniatures microphones of the Knowles WP-3502 type were embedded inside the airfoil's main body. Each of these microphones is used to measure the wall pressure fluctuations via sensing holes of 0.5 mm in diameter on both of the lower and upper surfaces of the midspan plane along the airfoil chord. There are 15 microphones on each surface that cover 0.09 < x ∕ C < 0.64. In the current study, only the unsteady wall pressure results obtained at x ∕ C = 0.64 were shown in order to represent the states of the boundary layers at the airfoil's aft region.
In this study, four nonflat plate-type serrated trailing edges were tested for their effectiveness in the reductions of both boundary-layer instability tonal noise and turbulent boundary-layer broadband noise. Table 1 summarizes the geometrical parameters of these serrations in terms of φ, 2h, λ ∕ h, and ε (ε is the bluntness at the root). Note that S0
represents the baseline sharp trailing edge. Serrations S1-S3 have the same 2h and ε but different φ and λ ∕ h.
Serrations S2 and S2* have the same φ and λ ∕ h but different 2h and ε.
B. Wind Tunnel Facilities and the Instrumentations
Free-field measurements of the airfoil self-noise were conducted in the open jet wind tunnel in the Institute of The range of jet speeds under investigation was between 20 ms −1 and 60 ms −1 , corresponding to Reynolds numbers based on C of 2 × 10 5 and 6 × 10 5 , respectively. The airfoil was held by side plates and attached to the nozzle lips. In this study, the self-noise of the airfoil at a 15 deg geometrical angle of attack was investigated corresponding to an effective angle of attack, θ = 4.2 deg, once the downwash deflection of the incident flow by the airfoil is taken into account using the two-dimensional open wind-tunnel correction scheme in [17] . At this angle of attack, any possible confinement effect that might be caused by the nozzle geometry should be investigated. For this purpose, a hot wire was used to measure the airfoil wake profile at a position 5mmbehind the trailing edge at a jet speed of U = 30 ms −1 . A color map of the velocity PSD versus flow speed is plotted in Fig. 2 . From the figure, it is clear that the nozzle shear layers (which are characterized by a high amplitude with broadband frequencies in the PSD), as well as the low-turbulence free jet, were both deflected by the presence of the airfoil. The measured airfoil wake is shown to be well clear of the nozzle shear layers. Therefore, the shear layers impingement on the trailing edge, which would have significant impact on the radiated noise, is not expected to occur in the current study.
As shown in Fig. 3 , far-field noise measurements were made by seven microphones uniformly distributed between the polar angles from Θ = 50 to 110 deg at a distance of 1.25 m from the airfoil trailing edge at midspan.
Note that the noise measurements at Θ < 50 and Θ > 110 deg were not attempted due to the potential acoustic interference from the jet noise and the acoustic reflection of the solid wind-tunnel wall, respectively. Noise data were sampled at 30 kHz for 13.33 s by a 24 bit analog-digital card from National Instruments. In addition to an analog low-pass antialias filter, the data were further filtered at more than one-half of the sampling frequency to minimize further the effects of aliasing. The data were then windowed (with a size of 4096 points) and averaged to obtain the power spectra density of the noise with a resolution of a 1 Hz bandwidth.
Unless otherwise stated, a single hot-wire probe (5 μm in diameter and a 1.25 mm length, DANTEC 55P11) was used to measure the mean and fluctuating velocities at an overheat ratio of 1.8. Signals from the hot wire were digitized by a 12 bit analog-to-digital (A/D) converter (TSI model ADCPCI) at a sampling frequency of 5 kHz for 32,768 realizations. In this case, only an analog low-pass filter was employed, and the data were filtered at 2.5 kHz.
Thin surface-mounted hot-film arrays were employed in the present study to identify the separation point near the untripped airfoil's pressure surface trailing edge. The DANTEC 55R47 type glue-on thin film has an overall thickness of 50 μm. The sensing element is 0.9 × 0.1 mm and is connected to gold-plated leads. An overheat ratio of Note that the angles of attack in these measurements were always set at a slightly higher θ = 5 deg, thus they cannot be compared with the noise results directly. However, the main purpose of these aerodynamic tests is to provide supplementary data that can be used to explain the airfoil self-noise mechanisms that are subjected to nonflat plate serrated trailing edges.
III. Investigation of the Airfoil Boundary Layers
A. Boundary Layers on a Sawtooth Trailing Edge of an Untripped Airfoil
To test the hypothesis that a sawtooth trailing edge can trigger a bypass transition of the boundary layer into turbulence, thereby suppressing the separation bubble, and hence, the generation of tonal instability noise, a sawtooth trailing edge (S3 type, see Table 1 ) was affixed to the NACA 0012 airfoil main body as shown in Fig As mentioned before, the above experiment was carried out in a wind tunnel with a closed test section, which is different to the open jet wind tunnel used for the noise test. Although the boundary-layer results at θ = 5 deg presented in this subsection cannot be correlated with the noise results in Sec. IV per se, they can be used to confirm that the addition of serrations introduces bypass transition within the sawtooth region.
B. Development of Boundary Layers with and Without Artificial Tripping
Turbulent boundary layers were artificially generated by placing rough sandpaper near the leading edge (x ∕ C ≈ 0.2) on both the suction and pressure surfaces. The variation in the boundary-layer surface pressure spectra S, as measured by microphones embedded into the airfoil at x ∕ C = 0.64 on both the suction and pressure surfaces of the airfoil, are presented in Figs. 6a-6b. Also included in the figures are the corresponding surface pressure spectra Swithout the boundary-layer trips. Note that these results were obtained in the open jet wind tunnel, in which the airfoil incidence was adjusted to θ = 4.2 deg at U = 26.7 ms −1 .
The surface pressure spectra Splotted in Fig. 6a resemble that of turbulent-like boundary layer with the characteristic high-frequency decay rate of approximately f −5 , even in the absence of the tripping tape on the suction surface. The various peaks in the spectral around 1 kHz for the untripped case are due to boundary-layer instability noise radiating to the far field, which are then detected by the surface pressure sensors. In Fig. 6b , Sdiffer considerably at the pressure surface. Without the use of the boundary-layer trip, Sis of a comparatively lower level and less smooth than when tripping is applied. However, the boundary layer becomes turbulent when the trip is introduced as manifested by the considerably higher wall pressure spectrum level.
In conclusion, boundary layers at both the suction and pressure surfaces are turbulent near the trailing edge when tripping elements are applied on their respective surfaces. Without tripping, the boundary layer at the pressure surface is laminar (or separated) near the trailing edge. On the suction surface, the boundary layer may become turbulent near the trailing edge without the use of tripping tape. Figures 7a-7b show the sound pressure level (SPL) spectrum of the airfoil self-noise with the S0 trailing edge measured at Θ = 90 deg for the untripped and tripped cases, respectively, for mean flow velocities in the range of U = 20-60 ms −1 . The spectrum for the untripped case is characterized by numerous tones (Fig. 7a) . On the other hand, no tones are present for the tripped case, in which broadband self-noise (Fig. 7b) is the dominant mechanism. Further details can be found in [11] .
C. Laminar Separation Near the Trailing Edge of an Untripped Airfoil
A hot-wire probe is generally incapable of detecting reverse flow. The application of the surface-mounted thinfilm arrays for the detection of a separated boundary layer has been documented by many researchers in the past [18] [19] [20] . The thin-film array technique was also employed in the current work in order to identify the separation The cross spectrum between two thin-film signals e i (t) and e j (t) is a complex function, and it can be represented
 is the phase angle between coherent components of the thin-film signals e i (t), and e j (t). If we consider that i is the upstream thin film and j is the downstream thin film, the predominantly sinusoidal T-S instability waves that propagate past these sensors in the direction of the main flow should yield a positive phase angle σ at a frequency range that corresponds to the boundary-layer instability. This is indeed true for the phase spectrum of the HF1-HF2 case at 2.3 kHz < f < 2.8 kHz when sufficiently high coherences are achieved.
The close spectral frequency relationship between the total T-S wave amplification factor and the radiated tonal instability noise has been documented in [11] . This relationship is further manifested in Fig. 8 , in which the frequency of the radiated tonal instability noise also coincides with the frequency range that corresponds to the high coherence of the thin-film signals at 2.3 kHz < f < 2.8 kHz.
However, the phase angles σ for the HF2-HF3 case have a negative sign at the similar frequency range. This implies that HF3 actually detects the coherent part of the signals ahead of HF2, which further indicates that flow reversal at the near-wall region has occurred there. Similarly, negative σ is also demonstrated for the HF3-HF4 case.
A physical explanation for the thin-film results is proposed here: First the T-S wave is convecting from HF1 to HF2, in which the onset of the boundary-layer separation is located at around the location of HF2. The T-S wave then enters the bubble, detaches from the surface, and interacts strongly with the separating shear layer above the wall [9, 10] . As it further propagates downstream, the near-wall flow reversal of the bubble will transport some of the oscillatory disturbances originated from the T-S instability wave from HF3 back to HF2, thus resulting in a reverse phase shift as interpreted from the near-wall thin-film signals. In summary, the phase change of the convective T-S instability wave has been used for the determination of flow separation.
Based on the above results, we confirm that the boundary layer at the airfoil's pressure surface separates at around x ∕ C = 0.83. This location is slightly upstream at x ∕ C = 0.87, which is the location for the root of the S1, S2, and S3 serrated trailing edges. However, the separation point of the boundary layer is considerably far from the root of the S2* serrated trailing edge (x ∕ C = 0.93). The implication of the distance between the separation point and the location of the serration root to the level of airfoil tonal instability noise reduction will be discussed in the next section.
IV. Noise Results
This section presents the noise reduction performance of the sawtooth trailing edges S1, S2, S3, and S2* measured in the anechoic chamber under a free-field condition. Assuming the cylindrical spreading of waves from the airfoil trailing edge, the sound power level (PWL) radiated per unit span in the range of angles between 50 deg < Θ < 110 deg can be approximated by
where S pp (f, ) is the measured acoustic pressure PSD at a polar angle Θ. Definitions of other symbols in Eq. (2) are listed in the nomenclature. Examples of the variation of the PWL with frequency for the airfoil instability tonal noise (untripped) and broadband noise (tripped) are shown in Figs. 9a-9b . The figures demonstrate that airfoil trailing-edge serrations cut into the main body of the airfoil has a substantial effect on the sound power spectra, which differs considerably depending upon whether the boundary layer is laminar or turbulent. As discussed earlier, the obvious disadvantage with the use of serrations cut into the airfoil body is that it will inevitably generate narrowband noise due to vortex shedding from the blunt part of the serration at the root as shown in Fig. 9b . At frequencies above the shedding frequencies, it was found that about 3 dB reductions in the broadband level can be observed. As the following subsections will demonstrate, the impact of bluntness noise can be reduced while retaining the broadband noise benefits at other frequencies by the appropriate choice of serration parameters.
A. Boundary Layer Instability Tonal Noise Reduction by Trailing Edge Serrations
The difference in sound power level ΔPWL between a baseline straight trailing edge (S0) and a serrated trailing edge (S1, S2, S3, or S2*) airfoil was computed from Figures 10a-10d shows the color maps of ΔPWL as a function of frequency and mean velocity for the serrated trailing edges S1, S2, S3, and S2*, respectively, for the untripped case, in which T-S instability tonal noise is dominant. By comparing S1-S3 (same 2h and ε but different φ and λ∕h), instability tonal noise reductions in excess of 30 dB are observed. The reason for this reduction can be explained by the fact that the separation region, commonly believed to be a prerequisite for the T-S wave instability tonal noise, is situated close to the trailing-edge serrations. Experimental results obtained by the surface-mounted thin-film array technique in Sec. III.C suggest that boundary-layer separation occurs at around x ∕ C = 0.83 at the pressure surface. Because the root of the sawtooth is situated at x ∕ C = 0.87 for the S1-S3 cases, a large portion of the otherwise separation region is not expected to be present within the sawtooth surface. Therefore, the incoming T-S waves cannot be amplified sufficiently for the radiation of instability tonal noise to occur.
Further evidence for the necessary role of a separation bubble for T-S instability tonal noise to occur is found in the ΔPWL contours for the S2 and S2* cases (same φ and λ ∕ h but different 2h and ε). Because the root of the sawtooth for the S2* case is situated at x ∕ C = 0.93, boundary-layer separation is only partially suppressed, and there are still some partial interactions between the separated shear layer and the incoming T-S waves upstream of the sawtooth. As a result, the boundary-layer instabilities can still scatter into noise at the root of the sawtooth, although it is less efficient compared to the baseline S0 case. The corresponding level of ΔPWL reduction for the S2* case is the smallest, and several tonal "rungs" are still discernible in the noise spectrum in Fig. 10d (indicated by the arrows). The presence of these rungs suggests that certain tone frequencies, in relation to the T-S waves, are preselected up stream of the trailing edge in accordance with the hypothesis proposed by McAlpine et al. [9] .
The effect of serration angle φ (or λ ∕ h) on the instability tonal noise reduction is demonstrated in Figs. 10a-10c. The serration with the largest angle φ can be seen to produce the largest reduction in the instability tonal noise. For smaller serration angles φ, narrowband vortex shedding noise can be seen to increase as a result of root bluntness at frequencies below the T-S instability tonal noise (e.g., Fig. 10a for the S1 case). For the serration with the largest φ (S3), bluntness-induced noise is nonexistent as shown in Figs. 9a and 10c.
The overall sound power level (OAPWL) of the airfoil noise at a particular flow velocity can be defined as
In this study, OAPWL was obtained by integrating the sound power over the frequency range, 0.1-15 kHz, with the lower bound limit representing approximately the cutoff frequency of the anechoic chamber. Figure 11a . From U = 30-60 ms −1 , instability tonal radiation continues to be dominant with a speed dependence of W (S0) ∝ U 5 , corresponding to classical trailing-edge noise radiation. In this velocity range, the spectrum is characterized by numerous and equally spaced discrete frequencies (sometimes as many as 10 at a single velocity). Identical behavior is found in the experimental and numerical works [11] [12] [13] 21, 22] . For the S1-S3 serrations, there is no sudden jump in OAPWL in the speed range, U = 20-60 ms −1 , and it is found that W (S1, S2 and S3) ∝ U 7 . The change in the velocity power law from 5 to 7 demonstrates that noise radiation at the trailing edge has largely been inhibited, and the dominant noise source now mainly arises from quadrupole sources in the jet, as well as the airfoil wake. For the S2* serration, the overall sound power also scales with U 5 from U ≈ 40-60 ms −1 . This is because some lower level instability tonal noises have been known to exist for this type of serration within this velocity range.
The main source of uncertainty for the above result is that the calculation of the overall sound power by Eq. (4) may include the contribution from the leading-edge noise. The leading-edge noise usually occurs at low frequencies, and it is well separated from the trailing-edge noise, which occurs at a higher frequency range. The very low residual turbulence level in the free jet provided by the open jet wind tunnel also minimizes the turbulence leading-edge interaction noise in the current study. Based upon substituting different values of the lower frequency limit in the OAPWL calculation, it is estimated that the uncertainty of the velocity power law varies within 0.5. This level of uncertainty also applies to the tripped airfoil case, which will be presented in the next subsection.
The difference in the OAPWL, ΔOAPWL, between a baseline straight trailing edge (S0) and a serrated trailing edge (S1, S2, S3, or S2*) was calculated from ΔOAPWL = OAPWL baseline − OAPWL serration (5) In this case a positive ΔOAPWL represents overall sound power reduction, and vice versa. As shown in Fig. 11b , appreciable sound power reductions occur at U > 24 ms −1 with levels of noise reduction up to 17 dB. By comparing serrations S1-S3 of the same 2h but different φ and λ∕h, the level of sound power reduction increases as φ or λ ∕ h increases. For the pair of serrations S2 and S2* with the same φ and λ ∕ h but different 2h, a larger level of sound power reduction is achieved by the serrated trailing edge with the longer serration length 2h, because more of the boundary-layer separation region has been affected in this case.
B. Broadband Noise Reduction by Trailing Edge Serrations
Figures 12a-12d shows the color maps of ΔPWL as a function of frequency and mean velocity for the serrated trailing edges S1, S2, S3, and S2*, respectively, when boundary-layer tripping is applied on both of the suction and pressure surfaces. Note that the range of color scale adopted in this figure (20 dB) is smaller than the range adopted in Fig. 10 (30 dB). Moderate reductions in sound power level in broadband noise have been achieved by the serrated trailing edges. By comparing ΔPWL for the S1-S3 serrations, the level of noise reduction is found to increase when φ or λ ∕ h is reduced, which is consistent with the findings of [1] [2] [3] 7] in which flat plate inserts were used (but in contrast with the instability tonal noise reduction discussed in Sec. IV.A). One important feature demonstrated by these nonflat plate serrations is that they show better noise performance at a high frequency than when flat plate inserts were used [1, 2] , which always increases noise radiation. As expected, although noise is reduced over most of the frequency range, the noise is increased over a very narrow frequency band caused by the bluntness at the serration root. This issue will be further discussed in the next paragraph. The narrowband vortex shedding noise level decreases as φ (or λ ∕ h) is increased. On the other hand, by comparing the S2 and S2* serration cases with the same serration angle φ but different lengths 2h (and hence different bluntnesses ε), the longer serration with a greater bluntness would produce a higher amplitude vortex shedding noise at a lower frequency.
To investigate the mechanism responsible for the narrowband vortex shedding noise generation, a separate Therefore, there is strong evidence that the vortex shedding noise is produced by the periodic oscillation of flow within the sawtooth gap.
The variations of OAPWL with a mean flow velocity for the S0-S3 and S2* trailing-edge serrations are shown in Fig. 14a . In nearly all cases, the sound powers scale with the sixth power of the flow velocity. This velocity dependence is usually associated with vortex shedding noises from bluff bodies [23] and an airfoil with a blunt trailing edge [17] . For the S0 baseline case, we also have observed a velocity scaling of
, which is higher than the fifth power scaling observed previously. This indicates that although acoustic radiation from the trailing edge is still the dominant mechanism, other noise sources (e.g., the leading-edge noise) might slightly contribute to the OAPWL, especially in the higher velocity region. In terms of the overall sound power reduction ΔOAPWL as shown in Fig. 14b (similarly, a positive ΔOAPWL represents overall sound power reduction, and vice versa), the S1 serrated trailing edge produces a higher noise level than the S0 baseline case across the whole velocity range owing to the dominance of the vortex shedding noise. For the other serrations S2 and S3, the level of the vortex shedding noise decreases when the serration angle φ (or λ ∕ h) is large. Therefore, the S2 serrated edge produces ΔOAPWL that varies between an increase and a reduction across the velocity range, whereas the S3 serrated edge consistently reduces the noise relative to the S0 baseline case, especially at higher velocities. The level of the vortex shedding noise is also found to decrease with the reduced bluntness value ε. This behavior is clearly observed in Fig. 14b , showing larger overall sound power reductions for the S2* serration compared to its S2 counterpart.
V. Discussion of Noise Results
Reducing airfoil self-noise through the use of trailing-edge serrations cut into the airfoil body has been investigated experimentally in this paper. The use of a trailing-edge serration to suppress both instability tonal noise in the case of a laminar boundary layer and broadband noise in the case of a turbulent boundary layer has been demonstrated. When the T-S waves convect across the airfoil surface (especially at the pressure surface) and are amplified by a laminar separation region, instability tonal noise of high intensity will be radiated near the trailing edge. The use of serrations on the trailing edge has been found to be highly effective in suppressing instability tonal noise. Based on the data presented here, the serration triggers the local boundary layer into a turbulent state, thus minimizing the size of the separation region, and hence, removing the requisite condition for T-S instability tonal noise. Although cutting serration into the airfoil body introduces bluntness at the serration root, no significant narrowband vortex shedding noise radiation has been observed. This implies that the wake flow for an untripped airfoil is characterized by a weak vortex shedding. We note the absence of vortex shedding for a blunt trailing edge in [24] , when the boundary layers on the airfoil's suction surface and pressure surface are different, that is, one is turbulent and another one is laminar. A similar phenomenon is also reflected in the untripped wall pressure spectra.
It was found that the boundary layer at the pressure surface is non-turbulent near the trailing edge, whereas for the suction surface, the boundary layer is turbulent near the trailing edge (see Figs. 6a-6b) . The different states of boundary layers on the suction and pressure surfaces near the trailing edge can apparently prevent the formation of longitudinal vortex shedding in the near wake immediately after the serration root.
However, if the boundary layers on the suction and pressure surfaces are both turbulent (tripped airfoil), the sound power level produced by the vortex shedding will be significant for narrow angle (small φ) serrated trailing edges. The exact mechanism responsible for the generation of vortex shedding for a nonflat plate-type serrated trailing edge, when both of the suction and pressure surfaces are turbulent, remains a subject of investigation, and this is not pursued in the current paper. As shown in Figs. 12a-12c for the ΔPWL contours, the narrowband frequencies f d corresponding to the vortex shedding frequencies differ from the serrated groups S1, S2, and S3, which all share the same root bluntness ε. Figure 15 is a plot of the Strouhal frequency for the vortex shedding noise (f d ε ∕ U), defined with respect to the bluntness ε and flow velocity U, suggesting that there is no universal Strouhal number dependency for the S1, S2, and S3 cases. If an airfoil has a two-dimensional blunt trailing edge, whose ε is constant across the airfoil span and has the same value as the S1, S2, and S3 cases, the corresponding Strouhal numbers (f d ε ∕ U) are predicted to be constant with the flow velocity [17] . The measured Strouhal numbers for the S1, S2, and S3 cases are found to vary between U 0.1 and U 0.15 .
Flow passing through a sawtooth region could be highly three dimensional in nature. When the airfoil is set at an angle of attack, the static pressure difference across the suction and pressure surfaces will force the flow to wrap around each of the sawtooth side edges in a manner similar to the wingtip vortices of a three-dimensional airfoil.
Note that this type of spanwise secondary flow is different with the longitudinal vortices that are shed from the blunt serration roots. The possible interaction between the secondary flow with the longitudinal vortices has been shown to significantly affect the coherence of the vortex shedding street in the wake flow. To quantify this effect, the spanwise coherences γ 2 of the airfoil wake turbulence velocity for three types of trailing edges, S2, S3, and SB,
were measured at θ = 5 deg in a closed-section wind tunnel. Here, SB is a two dimensionally blunt, nonserrated trailing edge with the same bluntness ε as the S2 and S3 serrated trailing edges. The spanwise coherence γ 2 is defined as Note that the γ 2 function here is a measure of the spanwise coherence of the longitudinal vortex shedding. Strong spanwise coherence can be observed for the SB case, which clearly indicates that the wake flow is mainly characterized by longitudinal vortex shedding. For the S2 serrated case, the spectral frequency is broader than the SB case with a reduced spanwise coherence level. The wake flow emanated from the root region, although still predominantly characterized by longitudinal vortex shedding, is already affected considerably by the secondary flow. As expected, there is also no coherence between each successive sawtooth. For the S3 serrated trailing edge, an overall very low-spanwise coherence level is observed. This indicates that the wake flow is highly threedimensional in this case, in which the serration angle φ is the largest.
For the case of low φ (or λ ∕ h), the total number of serration "blunt roots" per unit span is increased. This tends to reduce the strength of the spanwise secondary flow, whereas the longitudinal vortex shedding (caused by the bluntness at the root region) is expected to be considerably coherent. This is manifested in the sound power spectra in Figs. 12a-12c, in which it can be seen that the sound power of the narrowband vortex shedding noise increases as φ decreases. It also explains that the Strouhal number, which corresponds to the narrowband frequencies produced by a trailing edge with a "full" two-dimensional bluntness (φ = 0), tends to agree better with those produced by a serrated trailing edge of low φ as demonstrated in Fig. 15 . Conversely, for a trailing edge with a larger serration angle (e.g., the S3 case), the more prominent secondary flow is expected to interact more strongly with the longitudinal vortex shedding. This process leads to a modification to the narrowband frequency and also reduces its sound power level. Based on this behavior, we can conclude that, as far as a tripped boundary layer is concerned, a serrated trailing edge with large serration angle φ would produce a lower level of the vortex shedding noise.
However, the overall noise performance of a serrated trailing edge also depends on the level of broadband noise reduction. We now consider the performance of the serrations in three frequency bands as defined in Figs. 12a-12b:
1) Frequency band I: the entire frequency band is to deduce the "overall" performance: 0 < f < ∞ or J = (0, ∞).
2) Frequency band II: the frequency bandwidth corresponding to that in which the sound power is reduced compared to the baseline case (S0):
3) Frequency band III: the frequency bandwidth corresponding to that in which the sound power is increased compared to the baseline case (S0):
Here, f 1 and f 2 denote the lower and upper frequency limits within which vortex shedding noise due to bluntness at the trailing edge is significant. Both f 1 and f 2 increase with the mean flow speed as depicted in Fig. 12 . it is possible to further reduce the narrowband tonal noise level by employing woven wire mesh screen across the sawtooth gaps to reduce the bluntness induced vortex shedding [25] ). Finally, by examining the overall sound power reduction across the entire bandwidth (frequency band I), it can be seen that an overall reduction across all frequencies is only achieved for the serration with the largest φ. Because the amount of sound power reduction (frequency band II) is relatively insensitive to φ in comparison to the sound power increase (frequency band III), the optimum serration geometry, as far as the nonflat plate type is concerned, is thus limited by the narrowband noise radiation due to the vortex shedding (frequency band III). Serration S3 with the largest φ therefore gives the best noise performance overall. This criterion for the reduction of the airfoil broadband noise, coincidently, also applies to the untripped boundary layer case from which the instability tonal noise is dominant.
VI. Conclusion
This paper reports an experimental study on the aeroacoustic properties of several nonflat plate-type serrated trailing edges of an airfoil. The use of this particular type of serrated trailing edge could offer better structural stability over the flat-plate insert type. The objective of this paper is to investigate whether it is feasible to employ these nonflat plate-type serrated trailing edges to reduce both the instability tonal noise and broadband noise produced by the trailing edge of an airfoil.
When an untripped NACA 0012 airfoil is set at θ = 4.2 deg, and the flow velocity was tested up to 60 ms −1 (Re = 6 × 10 5 based on the chord length), a detailed inspection of the sound power spectra shows that by using the serrated trailing edge, sound power reduction of more than 30 dB (or up to 20 dB for the ΔOAPWL) for the mainly boundary-layer instability tonal noise radiation can be achieved. In addition, there is no significant noise penalty from the radiation of the vortex shedding near the blunt root of the sawtooth trailing edge. Based on the results obtained in this study, several important criteria for an effective boundary-layer instability tonal noise reduction by a serrated trailing edge are summarized below:
To maximize the impact of the serrations, the boundary-layer separation should occur at a location near the sharp edge of the otherwise nonserrated trailing edge. The serration length (2h) of the sawtooth should be compatible with the boundary-layer separation length.
2) The serration angle (φ) should be sufficiently large.
When the airfoil surfaces are tripped such that turbulent boundary layers are generated at both of the suction and pressure surfaces, the radiated noise spectra will be dominated by broadband noise of a much lower sound power level than the instability tonal noise. The sound power reduction of the broadband noise of up to 6.5 dB (in the noise performance metric [NPM] band II) by the serrated trailing edges has been observed. Another very important result is that the use of the nonflat plate-type serrations has better noise performance at a high frequency than serration by flat-plate inserts [1, 2] . However, noise increase caused by the vortex shedding from the blunt roots is also more significant in this case. The level of the narrowband vortex shedding noise will reduce when a large serration angle (φ) is used because of the greater flow mixing near the blunt roots. In conclusion, moderate self-noise reductions can still be achieved by the nonflat plate-type serrated trailing edge if the following conditions are fulfilled:
1) The serration angle (φ) is sufficiently large. Note that our results also agree with Gruber et al. [1] and Howe [7] in that maximum broadband noise reduction would require a smaller φ. However, the recommendation of a large φ in this paper for the broadband noise reduction is based on the consideration of minimizing the narrowband vortex shedding noise.
2) The serration length (2h) of the sawtooth should be equal to or greater than the turbulent boundary-layer thickness. For a nonflat plate-type serration, a slightly smaller 2h is also desirable, because it will generate a lower level of the narrowband vortex shedding noise due to the smaller bluntness (ε).
In conclusion, the use of nonflat plate-type serration can be effective and versatile in reducing airfoil self-noise.
This study provides the scope for further works to improve the industrial worthiness of the serration technology, as well as the understanding of the broadband noise mechanisms. The noise performance of the nonflat plate serrated trailing edge should also be investigated for airfoils with different geometry and angle of attack. One of the sensible paths for the continuation of the current work is to develop methodologies to inhibit the strength of the vortex shedding flow produced by the partial blunt roots. , deg
